Grey matter volume in the posterior hippocampus of London taxi drivers is greater than in age-matched controls, and the size of this increase correlates positively with time spent taxi driving (E.A. Maguire et al., 2000. Proc Natl Acad Sci U S A 97: 4398 -4403). This change suggests that increased posterior hippocampal grey matter volume is acquired in response to increased taxi driving experience, perhaps reflecting their detailed representation of the city. However, an alternate hypothesis is that the difference in hippocampal volume is instead associated with innate navigational expertise, leading to an increased likelihood of becoming a taxi driver. To investigate this possibility, we used structural brain imaging and voxel-based morphometry (VBM) to examine a group of subjects who were not taxi drivers. Despite this group showing a wide range of navigational expertise, there was no association between expertise and posterior hippocampal grey matter volume (or, indeed, grey matter volume throughout the brain). This failure to find an association between hippocampal volume and navigational expertise thus suggests that structural differences in the human hippocampus reflect the detail and/or duration of use of the spatial representation acquired, and not innate navigational expertise per se. Hippocampus 2003;13:208 -217.
INTRODUCTION
The ability to navigate through the environment is essential for everyday living. Predicting a person's ease at navigation is difficult, however, as many factors contribute to navigation expertise. Some of these might be termed "external" (Prestopnik and Roskos-Ewoldsen, 2000) , such as the availability and density of meaningful landmarks, or the pattern of streets and intersections (O'Neill, 1992; Tlauka and Wilson, 1994) . Other "internal" factors include the level of familiarity with the environment, the cognitive strategies used while navigating, and the sex and age of the navigator (Siegal and White, 1975; O'Keefe and Nadel, 1978; Hermer and Spelke, 1994; Sandstrom et al., 1998) . Given its multifaceted nature, there is little agreement on the best way to measure navigation expertise formally (for examples of tasks used, see Prestopnik and Roskos-Ewoldsen, 2000) . One obvious and direct approach is to get subjects to find their way in an environment or to describe routes they would take. For real environments, it is difficult across subjects to control for factors such as familiarity and range of exploration. However, one group where such factors are more homogeneous is among taxi drivers.
Taxi drivers in London (England) engage in extensive training to learn how to navigate between thousands of places in the city. This training is colloquially known as "The Knowledge" and takes two years on average. In order to be licensed to operate, it is necessary to pass a very stringent set of police examinations. A previous functional neuroimaging study documented activation of the right posterior hippocampus in London taxi drivers associated with their successful recall of complex routes around the city (Maguire et al., 1997) . Controlling for familiarity and range of exploration in non-taxi drivers, the use of virtual reality environments has more recently become a significant feature of navigation research (Maguire et al., 1999; Burgess and King, 2001) . Further evidence for the engagement of the right hippocampus by successful navigation has been found in non-taxi driver subjects who navigated to destinations within a virtual reality town during functional neuroimaging (Maguire et al., 1998) . Successful trials (i.e., where a goal destination was reached) compared with "lost" trials (where subjects failed to find their way successfully) resulted in greater activation of the right posterior hippocampus. Interestingly, the better the angular accuracy of the paths to the goal places, the more active the right hippocampus, but in this instance with a more anterior activation peak. No correlations with anterior hippocampal activity were found with route recall in the taxi drivers; this is perhaps unsurprising as all of the taxi drivers performed with a very high level of accuracy (Maguire et al., 1997) . To our knowledge, no other functional neuroimaging study of navigation has examined path accuracy, while in line with Maguire et al. (1997 Maguire et al. ( , 1998 several other studies have reported right posterior hippocampal activation associated with successful navigation (e.g., Grön et al., 2000; Ghaem et al., 1997) . Overall, functional neuroimaging studies of navigation suggest that the right posterior hippocampus is involved in some way in successful navigation, while activity in the right anterior hippocampus seems to be more specifically indexing path accuracy.
In the light of increased hippocampal volume reported in small mammals and birds who engage in behaviour requiring spatial memory (Lee et al., 1998) , the taxi drivers were examined further for structural brain changes associated with their extensive navigation experience (Maguire et al., 2000) . Using VBM (Ashburner and Friston, 2000; Good et al., 2001a,b) , an automated procedure for whole brain analysis of structural magnetic resonance imaging (MRI) scans, the posterior hippocampi of taxi drivers were found to have significantly greater grey matter volume relative to non-taxi driver subjects. A more anterior hippocampal region had greater grey matter volume in control subjects compared with taxi drivers. Right hippocampal grey matter volume correlated with the amount of time spent as a taxi driver (positively in the posterior and negatively in the anterior hippocampus). This right posterior hippocampal VBM finding corresponds closely with the functional neuroimaging data in taxi drivers (Maguire et al., 1997) and the other studies (Grön et al., 2000; Ghaem et al., 1997) where the right posterior hippocampus was active during successful navigation. The above findings led Maguire et al. (2000) to suggest that there may be a capacity for local plastic change in the structure of the healthy adult human brain in response to environmental demands, and that in particular the right posterior hippocampus may be the storehouse of the spatial representation of an environment, able to expand to accommodate its elaboration.
Based on the taxi driver findings, the proposal is that the hippocampal volume changes were acquired, and reflect the nature of the taxi drivers' detailed representation of the city. However, an alternate hypothesis is that the differences in hippocampal volume are instead associated with innate navigational expertise. Taxi drivers would thus have increased hippocampal grey matter volume because innately expert navigators may be more likely to become taxi drivers (Maguire et al., 2000; Terrazas and McNaughton, 2000) . To investigate such a hypothesis requires the examination of grey matter in non-taxi driver navigation experts. If increased hippocampal grey matter volume is found to be taxi driver-specific, this would be further evidence for the association between hippocampal structure and the nature of the representation of a largescale space (Maguire et al., 2000) . It would further suggest that functional neuroimaging studies of navigation success are not confounded by structural brain differences.
In the present study we used VBM to examine the structural MRI scans of non-taxi drivers and whether innate navigation expertise was associated with grey matter volume differences anywhere in the brain, particularly the hippocampus. In order to control for the factors of sex and familiarity, the subjects were all right-handed males and an unfamiliar virtual reality town was the setting for the navigation. The town was similar to that used in the previous functional neuroimaging study of Maguire et al. (1998) , offering a controlled means to test navigation expertise whilst preserving many of the real-world qualities of actual navigation. Tests based in and on this virtual town are apparently sensitive to hippocampal function and structural integrity. Right posterior hippocampal activity was found to be associated with successful navigation in this town during functional neuroimaging (Maguire et al., 1998) . Performance on tests based in and on this VR town has been shown to be compromised in patients who had undergone right temporal lobectomy, but relatively intact after left temporal lobectomy (Spiers et al., 2001a) . Also, a patient with reportedly selective bilateral hippocampal damage (Jon, Vargha-Khadem et al., 1997; Gadian et al., 2000) was also impaired on the town-based tasks (Spiers et al., 2001b) . Given that path accuracy may be more sensitive to the anterior hippocampus, we also included the other tests based on the virtual town performed by the patients reported in Spiers et al. (2001a,b) . Furthermore, it was planned to examine the correlations between the various tests to judge whether they were tapping different aspects of navigation performance.
MATERIALS AND METHODS
A total of 26 right-handed (non-taxi driver) males participated (Table 1 ). All subjects gave informed written consent in accordance with the local medical ethics committee. Mean age of subjects was 25.77 years, range 18 -56, and all subjects had healthy medical, neurological and psychiatric profiles. The full-scale IQs of participants were average or above average, estimated using the National Adult Reading Test (NART) (Nelson and Wilson, 1991) (Table 1 ). All except two subjects had prior experience of playing video games. One subject felt uncomfortable (nausea) viewing the virtual town, an occasional side effect of the optic-flow (Regan and Price, 1994) . This patient did not explore further or perform any of the tasks related to the town. Owing to time constraints on two other subjects' availability, they were not tested on the verbal memory test, and one was not tested on the standardised topographical memory test.
Behavioural Tasks
Subjects performed the tasks either before or after the MRI scan (order of scan and tasks was random). A virtual reality town provided the environment about which the subjects were tested. The town was designed and constructed by Neil Burgess, using the commercially available video game Duke Nukem 3D ( 3D Realms Entertainment, Apogee Software Ltd. Garland TX) with the editor provided (Build 3D Realms Entertainment). It was adapted from the virtual town used in the study of Maguire et al. (1998) ; see its use also in Spiers et al. (2001a,b) and , and example views of the town in any of the aforementioned papers. Briefly, the town consisted of a main street intersected by a crossroad with various interior locations, including, for example, a cinema, a bookshop, a bar and an underground train station. The town was sufficiently complex to provide a large number of possible routes from one location to another. The town was displayed to the subjects at a frame rate of 21 Hz on a desktop PC with a 19-inch screen. Subjects used the cursor keys of a keyboard to maneuver within the town. They were instructed to explore until they felt they were ready to be tested on their memory for the town (and had been observed by the experimenter to visit all locations). Exploration was self-paced; subjects were required to explore for a minimum of 15 min, but not more than 60 min. Subjects were not warned that they would be tested on their ability to draw a map of the town, but were informed that they would be tested on their navigation and memory for the town. Subjects were tested on the following tasks in the order described.
Navigation
Subjects had to navigate between 10 different locations in the town using the most direct route available. They were shown a picture of a target location that was continuously present while they were navigating to that location. When subjects reached the location, they were presented a new picture and asked to repeat the process until they had navigated to each of the 10 places. These target locations were the same for each subject, evenly distributed across the town, never visible from the starting view, and varied in their relative proximity and difficulty to find. As detailed in Maguire et al. (1998) , the subject's heading direction h (in degrees) and the direction of the current destination d was calculated at each virtual meter along the subject's trajectory. The absolute difference ͉ h -d ͉ was found at each meter and was averaged over the task to give A ϭ 180 Ϫ Ͻ͉ h Ϫ d ͉Ͼ as a measure of the average angular accuracy of the heading. Theoretically, accuracy scores may vary from 0 (always moving directly away from the current destination) through 90 degrees (moving randomly) to 180 degrees (always moving directly towards the current destination). In practice, an accuracy score of 160 degrees is hard to exceed because of content of the environment (e.g., buildings).
Environmental scene recognition
Forced choice between pairs of scenes was used to test memory for the locations visited by the subject during exploration and navigation (see also Spiers et al., 2001a ). Twenty pairs were tested. One of the scenes in each pair (the target) was a view of a location from the virtual town. Note that the subject was unlikely to have experienced the exact scene used and some of these were taken from viewpoints that subjects had never been able to reach. Thus, this scene recognition task differs from more standard tests, in that it requires the identification of scenes that have not been explicitly studied. Instead, successful discrimination of target views probably requires retrieval of abstracted environmental information, such as layout, that is dependent on the hippocampus (support for this comes from Spiers et al., 2001a , where the hippocampal damaged patient was impaired on this task). The other scenes (the foils) were created by altering the town or by creating new virtual locations. 
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Some of these foil views had novel objects, novel textures and novel geometry. Other foils had familiar objects, familiar surface textures and similar geometry but were spatially rearranged so as to be inconsistent with the original town. Responding was self-paced.
Map drawing
Map drawing was assessed in a quantitative manner with a computer program (designed by T. Hartley; for full description, see Spiers et al., 2001a) . A 10 ϫ 10 grid and a set of 10 icons representing locations in the town were displayed on the computer monitor. Subjects were required to move icons onto the grid, to form a map of the town. After all 10 icons had been placed, subjects could opt to stop or to continue arranging the icons until they were satisfied. An ideal map was constructed that reflected the true layout of the town. Each subject's completed map was scored by calculating the error in the distance between all pairs of icons as a fraction of the mean distance between the icons in the ideal and subject's map. Thus, the higher the error score, the more erroneous the map. This measure is independent of the map's orientation. Scaling each subject's map to match the ideal map achieved independence from map size.
Standardised topographical memory test
A standardised and clinically used test of scene recognition was also administered to subjects for comparison with the experimental virtual town tasks. The Camden Topographical Recognition Memory Test (CTRMT) (Warrington, 1996) involves presentation of 30 colour photographs of urban scenes, containing buildings, cars, people, etc. After initial presentation of each photograph for 3 seconds each, subjects then perform a two forced choice recognition.
Standardised verbal memory test
A standardised nonspatial memory test was also included as a control task to assess whether structural differences are associated with good/less good memory performance per se and not selectively with navigational ability. The Adult Memory and Information Processing Battery (AMIPB; Coughlan and Hollows, 1985) includes a test of story recall with norms for a British population. The story is recalled immediately after presentation and then after 30 min of a filled delay. The delayed recall on tests such as this has been found to be sensitive to extent of hippocampal damage (Frisk and Milner, 1990) .
Image Acquisition
For each subject high resolution volumetric MRI was performed on a Siemens 2.0 Tesla Vision scanner (Siemens GmbH, Erlangen, Germany), using an optimised MPRAGE sequence that affords enhanced grey/white matter contrast and segmentation (Deichmann et al., 2000) . The acquisition parameters included: TR/ TE/TI 11/4/1000, flip angle 12, matrix 256 ϫ 224, FOV 256 ϫ 224 mm; 176 sagittal slices, 1-mm isotropic voxels.
Image Analysis
Data were analysed by using whole brain VBM implemented with Statistical Parametric Mapping (SPM99, Wellcome Department of Imaging Neuroscience, London, UK) executed in MATLAB (Mathworks, Shernborn, MA). An optimised method of VBM was used. This method has been described in detail elsewhere (Ashburner and Friston, 2000; Good et al., 2001a,b) . Briefly this involves a number of fully automated pre-processing steps including extraction of brain, spatial normalisation into stereotactic space (using the standard SPM grey matter template), segmentation into grey and white matter and CSF compartments, correction for volume changes induced by spatial normalisation, and smoothing with a 10-mm full-width at half-maximum (FWHM) isotropic gaussian kernel. After smoothing, each voxel represents the local average amount of grey (or white) matter in the surrounding region, the size of which is defined by the size of the smoothing kernel. The smoothed data were analysed using SPM99 employing the framework of the General Linear Model. Regionally specific structural differences were assessed statistically in a parametric analysis, namely testing for increases or decreases in grey matter that varied as a function of behavioural performance. Age of subjects was treated as a nuisance covariate in the analysis. Significance levels were set at P Ͻ 0.05, corrected for multiple comparisons (see Results section for description of additional analyses).
RESULTS
Behavioural Data
Summary scores for memory performance are shown on Table  1 . The inter-correlations between the various measures are shown on Table 2 . The two recognition tests, environmental scene recognition and the clinically used CTRMT, correlated with each other. Given that the CTRMT showed limited variance across the 25 subjects who performed it, the environmental scene recognition task was taken to represent recognition in the analysis. Of the experimental navigation tests, only the average angular accuracy and map error scores were correlated. In the human lesion literature the ability to produce sketch maps of an environment and to navigate successfully within it have been reported to dissociate (McCarthy et al., 1996) . However, this is likely to be influenced by the type of map test used, whether automated (as in this case) or not. Thus, the precise nature of the relationship between active navigation and map production remains unclear, and correlations between them must be cautiously interpreted and may not be solely spatially based. The fact that no other significant correlations were found between the navigation tasks suggest that they are broadly tapping different aspects of the spatial representation of the VR town, and possibly different regions of the hippocampus. The single subject data for each of the four behavioural measures are shown in Figure 1 . The variance in scores is apparent for each measure, confirming the aptness of parametric analyses of expertise in relation to the structural MRI data.
___________________________________ NAVIGATION EXPERTISE AND HIPPOCAMPAL STRUCTURE 211 VBM Data: Virtual Town
Step 1 Whole brain grey matter volume was examined for changes as a function of level of expertise on any of the three behavioural measures associated with navigation in the virtual town, i.e. average angular accuracy, environmental scene recognition and map error score. Despite the finding of hippocampal grey matter volume differences in the previous taxi driver study using the same technique (Maguire et al., 2000) (Fig. 2A) , no significant differences (either increases or decreases) in grey matter volume were found to be related to level of expertise on any of the navigation measures in non-taxi driver subjects.
To minimise the possibility of false-negatives, the data were subjected to further scrutiny as follows.
Step 2
Because the hippocampus had been identified a priori as a possible candidate for change, the analysis was repeated but with significance levels set at P Ͻ 0.005 uncorrected for multiple comparisons (the intention being to use small volume correction if any hippocampal changes were observed). However, even at this liberal threshold, no significant differences in grey matter volume related to behavioural performance were found.
Step 3
The above steps treated the performance data parametrically and found no relationship to grey matter volume. The median score was then identified for each behavioural measure and subjects' scores categorised as either above or below the median. For each variable, the two groups of subjects were then compared (in a similar manner to taxi drivers versus control subjects in Maguire et al., 2000) in a categorical fashion, i.e., good versus less good navigators, for any differences in grey mater volume. No significant differences in grey matter volume emerged even at the P Ͻ 0.005 uncorrected level.
Step 4 Although optimised to use a smoothing kernel of 10 mm (and hippocampal changes have been reported with a larger kernel of 12 mm) (Good et al., 2001b) , it might be argued that this is not ideally suited to examination of the hippocampus, and perhaps a smaller smoothing kernel might be more appropriate, such as the 4-mm kernel used by Maguire et al. (2000) and Gadian et al. (2000) . Thus, the data were smoothed using a 4-mm kernel, and the analyses (steps 1-3) were repeated. Even at the P Ͻ 0.005 uncorrected level, no significant differences in grey matter volume were found.
Step 5 Finally, the raw grey matter values were extracted at a voxel in the right posterior hippocampal region. The voxel chosen was that previously identified in the taxi drivers (Maguire et al., 2000) as the peak voxel in this region showing a significant correlation with time taxi driving: (x, y, z) 22, Ϫ33, 3 (Fig. 2B) . The raw grey matter data were examined to see if there was any correlation with the performance measures. No significant relationships were found as illustrated in Figure 3 , where grey matter volume at the posterior hippocampal voxel is plotted against each of the three VR town measures.
VBM Data: Verbal Memory
The scores from the delayed recall of the story task were analysed in a similar manner (steps 1-4) to the virtual town measures. In this case also, no significant differences in grey matter volume were found related to the verbal memory measure.
DISCUSSION
Navigation is a behaviour about which everyone has an opinion, and anecdotes abound about the success or otherwise of attempts to reach a destination. Previous structural brain imaging has shown 
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that very expert navigators, London taxi drivers, have greater grey matter volume in the posterior hippocampus compared with control subjects, and for the right posterior hippocampus, grey matter volume varies positively with time taxi driving (Maguire et al., 2000) . In the present study, we tested whether navigation expertise in general (i.e., among non-taxi drivers) is reflected in differences in grey matter volume using the same VBM technique that identified the taxi driver changes. Navigation expertise was assessed using a variety of tasks based in and on a virtual reality town. Despite a wide range of performance on the behavioural measures, no differences in grey matter volume were found to be associated with navigation expertise, even when strenuous efforts were made to minimise the chance of false-negative findings. Naturally, caution is required in interpreting the absence of positive findings. It may be that the measures used were simply not sensitive enough, although the VBM technique has shown positive results in relation to the hippocampus in previous studies (e.g., Maguire et al., 2000; Good et al., 2001b; Gadian et al., 2000) . Indeed for structural brain analysis, VBM has many advantages over other observer-based region of interest techniques in that it is automated, the whole brain is considered and there are no a priori regions of interest. The MRI scans of the taxi drivers, as well as being analysed using VBM, were also independently analysed using a standard region of interest approach focussing on the hippocampus . The findings from the two techniques were completely concordant (Maguire et al., 2000) confirming the appropriateness of using VBM to inform about the hippocampus.
From a previous functional neuroimaging study, successful navigation in the virtual town employed here is known to be associated with right posterior hippocampal activity (Maguire et al., 1998) , while average angular accuracy of path may be more sensitive to anterior hippocampus. The cognitive basis of the navigation success associated with posterior activations and how this relates to the more anterior accuracy activity is an open question. Nonetheless, it might be argued that if our measures of navigation expertise are only tapping (anterior hippocampal) accuracy, then the present data do not speak at all to the posterior hippocampal VBM taxi driver result. To mediate this potential problem, however, we included several different town-based tasks. The lack of correlation in general between these tasks suggests that aspects of successful navigation other than path accuracy were being tapped, and possibly hippocampal regions other than the anterior, given that we know that pathology along the length of the hippocampus impairs performance on all of the tasks (Spiers et al., 2001a) .
Thus, while acknowledging that the absence of positive findings is not evidence for the absence of an effect, by the same token, one cannot rule out the possibility that there is no effect to be found. We discuss some implications of the latter possibility as supported by the present results.
A lack of association between navigation expertise and structural differences in the hippocampus is reassuring for functional neuroimaging studies. Although activity in the right posterior hippocampus has been associated with successful navigation both in taxi drivers (Maguire et al., 1997) and in control subjects (Maguire et al., 1998; Ghaem et al., 1997; Grön et al., 2000) , it now appears this is not simply due to more expert navigators having more hippocampal tissue to activate. It would seem that for ability at least, size is not the issue for the hippocampus, but perhaps how it is used. If innate navigation expertise is not the cause of structural brain differences, what is the basis of the changes recorded in the taxi drivers (Maguire et al., 2000) ? It cannot be merely that they are successful and accurate navigators, as so were many of the present non-taxi driver subjects. Rather, the present findings support the interpretation that has been previously elaborated to account for increased hippocampal volume in the taxi drivers (Maguire et al., 2000) . What differs among the taxi drivers is not accuracy, but rather the nature of their spatial representation of the city. They themselves describe that over time it becomes more integrated, more survey-like, permitting increasing understanding of how 
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routes and places relate to each other (E.A. Maguire, unpublished observations).
In functional terms, it may be that the previously-noted activity in the right posterior hippocampus in both taxi drivers and control subjects reflected the use of the allocentric survey-like representation of the environment stored in this brain region. There may be further support for this from a study reported by Mellet et al. (2000) . Using functional neuroimaging, they examined what brain regions were active in common when an environment had been either learned from direct navigation or by means of a survey-like map. These investigators found that the right posterior hippocampus was common to both types of representation and suggested that the posterior hippocampus may represent survey (allocentric)-like information initially acquired in a route perspective. In structural terms, consolidation and use of spatial information on the scale of the taxi drivers is very difficult to test in the general popu- 
